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AxonAction potentials are usually considered as the smallest unit of neuronal information conveyed by presynaptic
neurons to their postsynaptic target. Thus, neuronal signaling in brain circuits is all-or-none or digital. However,
recent studies indicate that subthreshold analog variation in presynaptic membrane potential modulates spike-
evoked transmission. The informational content of each presynaptic action potential is therefore greater than ini-
tially expected. This property constitutes a form of fast activity-dependent modulation of functional coupling.
Therefore, it could have important consequences on information processing in neural networks in parallel with
more classical forms of presynaptic short-term facilitation based on repetitive stimulation,modulation of presyn-
aptic calcium ormodiﬁcations of the release machinery. We discuss here how analog voltage shift in the presyn-
aptic neuron may regulate spike-evoked release of neurotransmitter through the modulation of voltage-gated
calcium and potassium channels in the axon and presynaptic terminal. This article is part of a Special Issue
entitled: 13th European Symposium on Calcium.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Synaptic transmission is a dynamic process. At the presynaptic side,
neurotransmitter release can be enhanced during repetitive stimulation
as the result of elevation of residual calcium, the presence of high-
afﬁnity calcium-binding sites with slow kinetics, fast calcium buffering,
or modulation of the release machinery [32,45,49]. All these modula-
tions suppose that the somatic electrical state does not inﬂuence neuro-
transmitter release at the presynaptic terminal. We review here recent
data indicating that the electrical state of the soma alters presynaptic
ion channels controlling spike-waveform or basal calcium concentra-
tion and subsequently modulate neurotransmitter release.
1.1. Digital information in synaptic circuits
Neuronal information is usually conveyed in synaptic circuits by
action potentials. The proximal region of the axon (the axon initial seg-
ment, AIS) contains a high density of sodium channels, therefore consti-
tuting a hot spot for generating action potentials that are actively
propagated along the axon [25]. Neuronal information is therefore
transmitted to the postsynaptic neuron as discrete amounts of neuro-
transmitter released by the presynaptic neuron in an all-or-none
mode. This mode of neuronal signaling is thus digital: the neuron either
ﬁres or it does not and neurotransmitter release follows this binaryopean Symposium on Calcium.
Debanne).mode (Fig. 1A). Digital synapses are able to signal activity far from the
site of spike initiation without voltage dissipation because active cur-
rents regenerate action potentials along the axon [10,17]. Another
major advantage of digital signaling is its relatively low energy cost.
The kinetics of voltage-gated currents underlying the action potential
are tuned to minimize energy consumption [2,36]. However, it has
also several limitations. Because of its discrete nature, the coding of in-
formation by a single digital synapse is generally poor.
1.2. Analog synaptic transmission
Neuronal information is not only transmitted in a digital mode. Sub-
threshold activity that originates in the dendrites and the soma can be
conveyed along the axon to the presynaptic element where it deter-
mines the ﬂow of neuronal information, via analog coding. Examples
of pure analog transmission of neuronal information can be found in
the inner ear or in the retina where photoreceptors, bipolar and hori-
zontal cells signal photo-stimulation by producing graded potentials
without action potentials [46]. These cells generally release transmitter
continuously (tonic release) and their high rate of spontaneous release
is directly modulated by membrane potential ﬂuctuations (Fig. 1B).
Similar examples of graded transmission in the absence of spiking activ-
ity have also been described in invertebrate neurons [27]. Synapses
translating analog presynaptic membrane potential ﬂuctuation into
graded tonic release of transmitter display a signiﬁcantly higher rate
of information transfer than synapses using presynaptic spike train cod-








Fig. 1.Digital, analog and hybrid (analog-digital) modes of synaptic transmission. A. Digital mode of synaptic transmission in the central nervous system. Left, scheme of two synaptically
connected neurons. Transmission is stereotyped and occurs in an all-or-none fashion (i.e. only if a presynaptic action potential is elicited). Note that subthreshold depolarization
(arrowheaded) produces neither a presynaptic spike nor a postsynaptic response. Th, spike threshold. B. Analog transmission is a gradedmode of transmission of presynaptic voltage ﬂuc-
tuations. The twohorizontal dashed lines indicate the baselines. The blue trace represents post-synaptic activity. C.Hybrid analog-digital (AD) transmission. Both subthresholdﬂuctuations
and spiking activity are transmitted. Note that when the presynaptic spike is produced after a prolonged period of depolarization (upper black trace) the spike-evoked synaptic response
(blue trace) is enhanced compared with when there is no prolonged depolarization (upper and lower gray traces).
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encode inﬁnite information levels. For instance, graded synapses in
the ﬂy retina transmit more than 1500 bits of information per second,
i.e. one or two orders of magnitude larger than spiking neurons [6,15].
However, this comes at the price of high energy consumption. For
example, photoreceptors in the retina continuously release their neuro-
transmitter at high rate (20–80 vesicles per active zone per second), in-
dicating that each active zone may release as many as a few million
vesicles per day [21]. Another drawback of analog signaling is that it is
constrained by biophysical laws such as voltage dissipation along neu-
ronal processes over long distances. Therefore, pure analog signaling
in neurons is better suited for local rather than distal transmission of
information.
1.3. Analog-digital signaling: analog signaling at spiking synapses
There is now evidence that analog signaling exists at spiking synap-
seswhere neurotransmitter release is not tonic but evoked by action po-
tentials. Hybrid analog-digital enhancement of synaptic transmission at
spiking synapses initially described in invertebrates [29,37,39,40] has
been more recently reported in many mammalian synapses of the CNS
including cortical [24,42,48], cerebellar [9,12], and hippocampal excit-
atory synapses ([1,18,34]; Bialowas et al., 2014). In these examples,
synaptic transmission evoked by single APs is enhanced as the result
of analog-mediated depolarization (10–30 mV) of the presynaptic
element for a few tens to hundreds of milliseconds (Fig. 1C). Combining
analog and digital signaling at central synapses should in principle offer
two main advantages: low energy-cost and dynamic transfer of neuro-
nal information.
Analog-digital facilitation (ADF) is expressed in a highly heteroge-
neous range of synapses in terms of morphology (en passant boutons
and giant terminals), neurotransmitter (GABA or glutamate) and brain
regions (neocortex, hippocampus & cerebellum). ADF involves three
major steps: i) the depolarization of the presynaptic element causing
ii) modulation of voltage-gated ion channels along the axon and subse-
quently iii) the enhancement of neurotransmitter release. In cerebellar
synapses established betweenGABAergic interneurons of themolecular
layer, subthreshold depolarization facilitates spike-evoked release of
GABA [12]. In hippocampal dentate granule cell axons (mossy ﬁbers),
the combination of analog depolarization spreading from the soma in
the form of an excitatory presynaptic potential (EPreSP) and digital
signaling in the form of an AP, enhances glutamatergic transmission at
the mossy ﬁber-CA3 cell synapse [1]. For local connections such as
these that occur over relatively short distances between L5 pyramidal
neurons in the neocortex, hippocampal CA3 pyramidal neurons or
GABAergic interneurons in the cerebellum, the analog-mediatedcomponent of the facilitation of synaptic transmission is on average 1–
2% per mV of somatic depolarization ([12,24,42]; Bialowas et al., 2014).
ADF is mediated by an elevation in glutamate [3,24] or GABA [9,12]
release as indicated by the reduced paired-pulse ratio (PPR), i.e. the
ratio of synaptic responses for a pair of presynaptic stimuli. Intriguingly,
however, in the case of the hippocampal mossy ﬁber-CA3 cell synapse,
short-term facilitation tested with repeated presynaptic stimuli is
unchanged [1], suggesting that, as discussed later, glutamate release is
not changed in a conventional way.
If general principles emerge in ADF mechanisms, important differ-
ences also exist among synapses. For instance, the temporal require-
ment for ADF is highly heterogeneous. In L5 pyramidal neurons, ADF
is observed after several seconds of presynaptic depolarization [24,42]
whereas a few tens of milliseconds of analog subthreshold depolariza-
tion is sufﬁcient to induce ADF at mossy ﬁber-CA3 cell synapses [1] or
at cerebellar GABAergic synapses [9]. At CA3–CA3 connections, the
temporal requirement of ADF is not clear [34].
2. A prerequisite for analog-digital signaling: voltage propagation
in axons
Whether analog voltage changes produced in the somatodendritic
regions are capable of spreading along the axon over long enough dis-
tances to reach synapses constitutes a prerequisite for analog-digital
facilitation (Fig. 2). The process of voltage propagation is based on the
electrical properties of the axon membrane. First theorized by W. Rall,
it was shown that voltage response decays exponentially along passive
cables [31]. The voltage drop along the axon can be characterized by the
space constant, i.e. the axonal distance forwhich voltage drops to 37% of
its initial value. Space constant depends onboth geometrical and electri-
cal factors of the axon: i) the axonmembrane resistance determined by
the relative contribution of conducting (pore-forming proteins) and
non-conducting (lipids) molecules and ii) axial resistance controlled
by the intra-axonal medium and the axon diameter. Thus, a large
space constant is generally obtained for low intra-axonal resistance or
high axonal membrane resistance.
In hippocampal dentate granule cells, excitatory post-synaptic
potentials (EPSPs) generated in the dendrite travel all along the axon,
and can be measured with a patch-pipette in mossy ﬁber terminals
(i.e. EPreSP) [1]. The axonal space constant for this transient depolarizing
event (~50–100 ms) has been estimated as ~450 μm in hippocampal
granule cells [1]. In neocortical pyramidal neurons, the axonal space con-
stant of steady-state voltage modulation in the soma yields values of
420–550 μm [24,42]. The space constant varies as a function of the fre-
quency, failing rapidly at high frequency (see supplementary informa-
tion in [42]). The axon space constant also depends on the presence of
Vm soma = -65 mV




Vm b1 (100 µm) = -65 mV Vm b2 (1000 µm) = -65 mV
Vm b1 (100 µm) = -49 mV
-45 mV
-65 mV
Vm b2 (1000 µm) = -63 mV
Fig. 2.Voltage decay along axons. Top, voltage distributionwhen the neuron is at rest (−65mV). The voltage is constant in the soma, in the proximal presynaptic bouton (b1, 100 μm from
the soma) and in the distal bouton (b2, 1000 μm from the soma).When the cell body is depolarized, (−45mV) voltage drops along the axon because of cable properties. Bottom, voltage
(Vm) decay along the axon. Note that AD transmission is restricted to proximal presynaptic bouton (b1), whereas pure digital transmission occurs at distal bouton (b2).
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thus reducing the value of space constant in the axon [34]. The role of ac-
tive membrane currents is not entirely clear. In principle, active conduc-
tance such as persistent sodium (Na+) current could enhance the axon
space constant by carrying subthreshold depolarization initiated in the
soma over longer axonal distances. However, the large space constant
of EPreSPs in hippocampal granule cell axons does not result from the
activation of Na+ channels because it is unaffected by tetrodotoxin [1].
Therefore, the large space constant observed at hippocampal granule
cells or L5 pyramidal neurons may result from speciﬁc electrical proper-
ties (i.e. high membrane resistance and/or low axial resistance). The
recent development of nano-scale patch-clamp recording techniques
will probably allow identiﬁcation of membrane properties at thin
axons [30].
The notion of axonal space constant is crucial for analog-digital
signaling because it describes how voltage spreads along the axon
and modulates the biophysical properties of ion channels located
in presynaptic terminals. This modulation depends on the gating
characteristics of the current. For instance, a modest subthreshold
depolarization will be more effective on voltage-gated currents
with low activation/inactivation thresholds (i.e. near the resting
membrane potential) than on those with high activation/inactivation
thresholds (i.e. far from the resting membrane potential). Consequent-
ly, analog-digital facilitation will spread over long distances if the un-
derlying mechanism involves low threshold conductance, such as the
D-type current, a conductance implicated in ADF in neocortical neurons
[24].
As many CNS neurons establish local recurrent connections, analog-
digital enhancement is therefore likely to play a major role in a poten-
tially large number of cortical, hippocampal and cerebellar excitatory
and inhibitory circuits [12,24,42,48]. An important consequence of the
size of the axon space constant is that pure digital and hybrid signaling
may coexist within the same axon. In cortical pyramidal cell axons, local
connections established by presynaptic boutons located in the proximal
bouquet of axon collaterals are likely to function in a hybrid analog-
digital way, whereas long projecting axon collaterals may essentially
work under the digital mode. For example, at excitatory connections
between layer 5 pyramidal neurons, the larger analog-digital facilitation
(ADF) is observed at local connections [24]. In addition, a similar spatial
dichotomy has recently been reported in CA3 pyramidal neuronswhere
analog-digital facilitation is observed at proximal synapses established
with other CA3 neurons but not at synapses with distal CA1 neurons
[34]. In this way, analog-digital signaling increases the computational
repertoire of neuronal communication.3. Mechanisms of analog-digital facilitation
Two mechanisms have been reported to account for the analog-
digital enhancement of transmission in central synapses.
3.1. ADF resulting from inactivation of presynaptic Kv1 channels
First, depolarization of the somatic region of the presynaptic neuron
may enhance synaptic transmission as the consequence of voltage-
inactivation of a speciﬁc type of K+ channel (Fig. 3).
• Kv1 channels in the axon and presynaptic terminals
Axons contain a high density of voltage-gated K+ channels (Kv) of
the Kv1 family. Kv1 channels (KCNA, Shaker) belong to the family of po-
tassium channels with 6 trans-membrane segments. The pore-forming
channel is composed of hetero-tetramers of Kv1 α subunits that gener-
ally contain Kv1.1, Kv1.2 or Kv1.4 subunits [13,33,38]. The biophysical
properties of the current are strongly inﬂuenced by both the subunit
composition of the tetramers and the presence of ancillary subunits. A
recent study using electron microscopy coupled to freeze-fracture
replica immunolabeling technique indicates that Kv1.1 channels are
located on the axon initial segment (AIS) and the presynaptic terminals
in the CA1 region [23]. These channels are blocked by 4-aminopyridine
or by dendrotoxin, a toxin from the venom of the mamba snake
(dendroaspis). They generate a D-type current which is strongly
inactivated by small depolarizations from resting membrane potential
[44], suggesting that its contribution to ADF will be important even in
distal regions of the axon, where analog subthreshold depolarization
is minimal. In neocortical and hippocampal pyramidal neurons, for
example, the Kv1 channels generate a fast-activating but slowly-
inactivating D-type current (ID) that reduces spike duration [8,24,41,43].
Pharmacological blocking of ID with 4-aminopyridine or dendrotoxin
broadens the spike in the axon and at presynaptic terminals measured
electrophysiologically or with voltage-imaging techniques in cortical
pyramidal cells [8,20,24].
• Properties of Kv1-dependent ADF
The properties of ADF are mainly imposed by the biophysics of the
Kv1-mediated D-type current. For example, the kinetics of the analog-
digital enhancement are slow and ﬁt well with the inactivation kinetics
of ID ([4,24,42]). In fact, noADF is observedwith brief analog depolariza-














Fig. 3.Kv1-dependent analog-digital facilitation. A.With digital-only signaling theneuronalmembrane voltage (Vm) is held at−65mV, Kv1 channels remain available, resulting in a rapid
termination of the spike response. B. Analog subthreshold depolarization (−50mVat the soma)propagates from the somatic compartment and along the axon to the terminal, resulting in
inactivation of Kv1 channels. This produces a broadening of the action potential and results in enhanced spike-evoked Ca2+ entry and incremented neurotransmitter release. C. Calcium
signals produced by the spike in the digital-only signaling (blue) or in the analog-digital signaling (purple). Note the increased amplitude of the spike-evoked calcium transient (inset).
1936 S. Rama et al. / Biochimica et Biophysica Acta 1853 (2015) 1933–1939• Spike broadening enhances presynaptic calcium
The broadening of the presynaptic spike resulting from voltage
inactivation of Kv1 channels increases the presynaptic Ca2+ current.
This has been shown using two distinct methodological approaches.
First, the presynaptic calcium current evoked by presynaptic depo-
larization having the characteristics of narrow or broad action poten-
tials can be measured using patch-clamp recordings from large
presynaptic terminals such as the mossy-ﬁber terminal in the hippo-
campus [5] or the calyx of Held [7]. In small en passant boutons,
spike-evoked Ca2+ transients can be measured using calcium imaging.
In fact, voltage inactivation of Kv1 channels causes a signiﬁcant en-
hancement of the Ca2+ transient in the presynaptic terminal that is
evoked by the propagating spike in the presynaptic terminal [4,47].
The modulation of this Ca2+ transient is critical since Ca2+ chelation
with EGTA in the presynaptic neuron abolishes ADF in L5 pyramidal
neurons [42] and CA3 hippocampal cells (Bialowas et al., 2014).
• Relationship between presynaptic calcium and exocytosis
Calcium ions are required for exocytosis. However the relationship
between the presynaptic Ca2+ charge (i.e. the total amount of Ca2+
ions) and the exocytosis is not linear. At many CNS synapses, thepostsynaptic current (PSC) can be described by a power law (PSC =
axm, where x is the presynaptic Ca2+ concentration, a is a constant
and m the power coefﬁcient). The power coefﬁcient is an indicator of
the cooperativity of Ca2+ binding to presynaptic Ca2+ sensor proteins
of the vesicle release machinery and varies considerably from synapse
to synapse. For instance, this coefﬁcient is 1.6 at the output synapses
of hippocampal basket cells, indicating a relatively low cooperativity
[11]. But it may reach 5 at the synapse formed by the calyx of Held
[19]. In this latter case, very small variations in presynaptic calcium con-
centration resulting from small subthreshold analog modulation of the
spike waveformmay lead to an extremely large increase in neurotrans-
mitter release. Thus, analog-digital modulation of synaptic transmission
might be extremely heterogeneous among synapses.3.2. ADF produced by elevation of basal calcium concentration
Propagated depolarization can also facilitate synaptic transmission
by the opening of voltage-gated Ca2+ channels which results in an ele-
vation in basal Ca2+ concentration in presynaptic terminals (Fig. 4). At
rest (i.e.−65 mV), intraterminal Ca2+ concentration is ~100 nM and
can increase up to 1 μM upon subthreshold depolarization (~−50 mV;
















Fig. 4. Cav2.1-dependent analog-digital facilitation. A. At restingmembrane potential (Vm=−65mV), Cav2.1 (P/Q type) calcium channels are closed and can be opened only during the
propagating action potential. During analog-digital signaling, partial depolarization (Vm =−50 mV) spreading from the soma to the axon opens voltage-gated calcium channels, in-
creases calcium inﬂux, elevates basal calcium concentration in the presynaptic bouton and enhances neurotransmitter release (indicated by two black arrows). Note that the spike
shape is not affected in this case. C. Calcium signals in the presynaptic bouton in control condition (blue) and after subthreshold depolarization (purple). Note the increase in the basal
calcium concentration, without change in the spike-evoked calcium transient (inset).
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be directly monitored with patch-clamp recording from large terminals
like the calyx of Held [3]. There is a clear consensus among studies in a
variety of brain areas that the voltage-gated Ca2+ channels responsible
for this facilitation located in the axon terminal [3,9,12], or in the axon
itself [47] is P/Q type Ca2+ channels (Cav2.1). N-type Ca2+ channels
(Cav2.2) located in the axon terminal and the axon initial segment
also participate in the increase in baseline Ca2+ signal upon depolariza-
tion ([47]; Bialowas et al., 2014). P/Q- andN-type channels are activated
by high levels of depolarization. Thus, because of voltage attenuation
along the axon, their contribution to ADF might be limited to very prox-
imal inputs (Bialowas et al., 2014). The hippocampal mossy-ﬁber termi-
nal, however, appears to be an exception, as subthreshold depolarization
induces a calcium inﬂux that is not only mediated by the classical P/Q
(Cav2.1) and N (Cav2.2) type Ca2+ channels, but also by R-type
(Cav2.3) Ca2+ channels [26].
The elevation in basal Ca2+ concentration triggered by subthreshold
depolarization could have two major consequences. First, it might
directly promote neurotransmitter release. In axons of cerebellar inter-
neurons, for example, subthreshold depolarization is sufﬁcient to in-
crease spontaneous, spike-independent release of GABA [12]. A second
possible action of elevation in basal Ca2+ concentration is an accelerationof the recruitment of vesicles to the active zone [28]. The principal conse-
quence of this Ca2+-induced priming of vesicles would be an increase in
synchronous releasewhen the presynaptic spike invades the axon termi-
nal. These two effects would result in an increase in neurotransmitter
release and enhanced synaptic strength.
4. Conclusion
In summary, synaptic transmission is highly modulated by changes
in analog voltage resulting from synaptic activity generated in the den-
drites of CNS neurons. This form of activity-dependent regulation of
synaptic strength is computationally appealing because many cortical
neurons establish local connections through proximal synaptic inputs.
Two main mechanisms have been identiﬁed in the recent years: a
spike-width-dependent facilitation in layer 5 and CA3 pyramidal
cells that depends on D-type potassium channels and a basal
Ca2+-dependent enhancement of synaptic transmission in cerebellar
interneurons. Because Kv1 channels are highly sensitive to inactivation,
Kv1-dependent ADF is expected to spread over relatively long axonal
distance (Fig. 5). In contrast, Cav2.1 (P/Q-type) is activated by high
voltage and Cav2.1-dependent ADF is expected to affect only the very
























Fig. 5. Spatial extend of Kv1- and Ca2.1-dependent AD facilitation. In the proximal part of the axon, the depolarization is sufﬁcient for inactivating Kv1 channels and activating Cav2.1
channels, resulting in a maximal AD facilitation (Kv1- and Cav2.1-dependent ADF). In the medial part of the axon, the depolarization is sufﬁcient to inactivate Kv1 channels but cannot
activate Cav2.1. In this region, only Kv1-dependent facilitation is observed. In the distal part of the axon, the depolarization originating in the soma is too small to inactivate Kv1 channels
and no facilitation occurs.
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synapses may also involve other processes because the spike
width is not altered in the presynaptic terminal and facilitation is
only partially reduced by calcium chelators [1,35]. Alternative
mechanisms to the classical Ca2+-induced modulation of exocyto-
sis have been suggested such as Ca2+-independent, but voltage-
dependent exocytosis (see review in [16]). Beyond ion channels
activated by depolarization, it will be important to determine
the precise role of other presynaptic receptors and presynaptic
proteins that may read analog voltage-shift in the presynaptic
element.
The discovery of ADF incites reexamining how neuronal information
is transferred in the brain. Classically, neural codes and computation are
based on pure temporal patterns of spikes. However, information could
be also carried by spike waveform [14,22]. So far this action-potential
waveform code has been evaluated in the soma but it could well apply
to Kv1-dependentmodulation of spike waveform and of subsequent re-
lease in the axon.
The pre-requisite for ADF is the propagation of analog voltage
along the axon. Many cortical cells have presynaptic terminals that
are electronically close to the cell body, making ADF physiologically
probable. There is also solid evidence for induction of ADF by physi-
ological modulation of membrane potential. In the neocortex, somat-
ic depolarization mimicking cortical UP states is transmitted far in
the axon, indicating that ADF may occur in vivo [42]. Similarly,
theta oscillations are able to induce Kv1-dependent ADF in CA3
circuits [4]. Additional experiments will be necessary to determine
how other slow types of membrane depolarization resulting from
release of neuromodulators, sensory stimulation or epileptic seizures
also induces ADF.Acknowledgments
Supported by Institut national de la santé et de la recherchemédicale,
Centre National de la Recherche Scientiﬁque, Agence Nationale de la
Recherche (ANR 11 BSV4 016 01), Fondation pour la RechercheMédicale,
Ecole Normale Supérieure (doctoral grant to MZ) and French Ministry of
Research.
References
[1] H. Alle, J.R. Geiger, Combined analog and action potential coding in hippocampal
mossy ﬁbers, Science 311 (2006) 1290–1293.
[2] H. Alle, A. Roth, J.R. Geiger, Energy-efﬁcient action potentials in hippocampal mossy
ﬁbers, Science 325 (2009) 1405–1408.
[3] G.B. Awatramani, G.D. Price, L.O. Trussell, Modulation of transmitter release by
presynaptic resting potential and background calcium levels, Neuron 48 (2005)
109–121.
[4] A. Bialowas, S. Rama, M. Zbili, V. Marra, L. Fronzaroli-Molinieres, N. Ankri, E. Carlier,
D. Debanne, Analog modulation of spike-evoked transmission in CA3 circuits is de-
termined by axonal Kv1.1 channels in a time-dependent manner, Eur. J. Neurosci.
(2014), http://dx.doi.org/10.1111/ejn.12787 (in press).
[5] J. Bischofberger, J.R. Geiger, P. Jonas, Timing and efﬁcacy of Ca2+ channel activation
in hippocampal mossy ﬁber boutons, J. Neurosci. 22 (2002) 10593–10602.
[6] A. Borst, F.E. Theunissen, Information theory and neural coding, Nat. Neurosci. 2
(1999) 947–957.
[7] J.G. Borst, B. Sakmann, Effect of changes in action potential shape on calcium cur-
rents and transmitter release in a calyx-type synapse of the rat auditory brainstem,
Philos. Trans. R. Soc. Lond. B Biol. Sci. 354 (1999) 347–355.
[8] S. Boudkkazi, L. Fronzaroli-Molinieres, D. Debanne, Presynaptic action potential
waveform determines cortical synaptic latency, J. Physiol. 589 (2011) 1117–1131.
[9] B. Bouhours, F.F. Trigo, A. Marty, Somatic depolarization enhances GABA release in
cerebellar interneurons via a calcium/protein kinase C pathway, J. Neurosci. 31
(2011) 5804–5815.
[10] D. Bucher, J.M. Goaillard, Beyond faithful conduction: short-term dynamics,
neuromodulation, and long-term regulation of spike propagation in the axon,
Prog. Neurobiol. 94 (2011) 307–346.
1939S. Rama et al. / Biochimica et Biophysica Acta 1853 (2015) 1933–1939[11] I. Bucurenciu, J. Bischofberger, P. Jonas, A small number of open Ca2+ channels trig-
ger transmitter release at a central GABAergic synapse, Nat. Neurosci. 13 (2010)
19–21.
[12] J.M. Christie, D.N. Chiu, C.E. Jahr, Ca(2+)-dependent enhancement of release by
subthreshold somatic depolarization, Nat. Neurosci. 14 (2011) 62–68.
[13] W.A. Coetzee, Y. Amarillo, J. Chiu, A. Chow, D. Lau, T. McCormack, H. Moreno,
M.S. Nadal, A. Ozaita, D. Pountney, M. Saganich, E. Vega-Saenz de Miera, B.
Rudy, Molecular diversity of K+ channels, Ann. N. Y. Acad. Sci. 868 (1999)
233–285.
[14] G.G. de Polavieja, A. Harsch, I. Kleppe, H.P. Robinson, M. Juusola, Stimulus history re-
liably shapes action potential waveforms of cortical neurons, J. Neurosci. 25 (2005)
5657–5665.
[15] R.R. de Ruyter van Steveninck, S.B. Laughlin, The rate of information transfer at
graded-potential synapses, Nature 379 (1996) 642–645.
[16] D. Debanne, A. Bialowas, S. Rama,What are themechanisms for analogue and digital
signalling in the brain? Nat. Rev. Neurosci. 14 (2013) 63–69.
[17] D. Debanne, E. Campanac, A. Bialowas, E. Carlier, G. Alcaraz, Axon physiology, Physiol.
Rev. 91 (2011) 555–602.
[18] D. Debanne, N.C. Guerineau, B.H. Gahwiler, S.M. Thompson, Action-potential propa-
gation gated by an axonal I(A)-like K+ conductance in hippocampus, Nature 389
(1997) 286–289.
[19] M.J. Fedchyshyn, L.Y. Wang, Developmental transformation of the release modality
at the calyx of Held synapse, J. Neurosci. 25 (2005) 4131–4140.
[20] A.J. Foust, Y. Yu, M. Popovic, D. Zecevic, D.A. McCormick, Somatic membrane poten-
tial and Kv1 channels control spike repolarization in cortical axon collaterals and
presynaptic boutons, J. Neurosci. 31 (2011) 15490–15498.
[21] R. Heidelberger, Mechanisms of tonic, graded release: lessons from the vertebrate
photoreceptor, J. Physiol. 585 (2007) 663–667.
[22] M. Juusola, H.P. Robinson, G.G. de Polavieja, Coding with spike shapes and graded
potentials in cortical networks, Bioessays 29 (2007) 178–187.
[23] T. Kirizs, K. Kerti-Szigeti, A. Lorincz, Z. Nusser, Distinct axo-somato-dendritic distri-
butions of three potassium channels in CA1 hippocampal pyramidal cells, Eur. J.
Neurosci. 39 (2014) 1771–1783.
[24] M.H. Kole, J.J. Letzkus, G.J. Stuart, Axon initial segment Kv1 channels control axonal
action potential waveform and synaptic efﬁcacy, Neuron 55 (2007) 633–647.
[25] M.H. Kole, G.J. Stuart, Signal processing in the axon initial segment, Neuron 73
(2012) 235–247.
[26] L. Li, J. Bischofberger, P. Jonas, Differential gating and recruitment of P/Q-, N-, and
R-type Ca2+ channels in hippocampal mossy ﬁber boutons, J. Neurosci. 27 (2007)
13420–13429.
[27] E. Marder, Neurobiology: extending inﬂuence, Nature 441 (2006) 702–703.
[28] E. Neher, T. Sakaba, Multiple roles of calcium ions in the regulation of neurotrans-
mitter release, Neuron 59 (2008) 861–872.
[29] J. Nicholls, B.G. Wallace, Modulation of transmission at an inhibitory synapse in the
central nervous system of the leech, J. Physiol. 281 (1978) 157–170.
[30] P. Novak, J. Gorelik, U. Vivekananda, A.I. Shevchuk, Y.S. Ermolyuk, R.J. Bailey, A.J.
Bushby, G.W. Moss, D.A. Rusakov, D. Klenerman, D.M. Kullmann, K.E. Volynski,Y.E. Korchev, Nanoscale-targeted patch-clamp recordings of functional presynaptic
ion channels, Neuron 79 (2013) 1067–1077.
[31] W. Rall, Distributions of potential in cylindrical coordinates and time constants for a
membrane cylinder, Biophys. J. 9 (1969) 1509–1541.
[32] W.G. Regehr, Short-term presynaptic plasticity, Cold Spring Harb. Perspect. Biol. 4
(2012) a005702.
[33] J.P. Ruppersberg, K.H. Schroter, B. Sakmann, M. Stocker, S. Sewing, O. Pongs,
Heteromultimeric channels formed by rat brain potassium-channel proteins, Nature
345 (1990) 535–537.
[34] T. Sasaki, N. Matsuki, Y. Ikegaya, Effects of axonal topology on the somatic modula-
tion of synaptic outputs, J. Neurosci. 32 (2012) 2868–2876.
[35] R. Scott, A. Ruiz, C. Henneberger, D.M. Kullmann, D.A. Rusakov, Analog modulation
of mossy ﬁber transmission is uncoupled from changes in presynaptic Ca2+, J.
Neurosci. 28 (2008) 7765–7773.
[36] B. Sengupta, M. Stemmler, S.B. Laughlin, J.E. Niven, Action potential energy efﬁciency
varies among neuron types in vertebrates and invertebrates, PLoS Comput. Biol. 6
(2010) e1000840.
[37] E. Shapiro, V.F. Castellucci, E.R. Kandel, Presynaptic membrane potential affects
transmitter release in an identiﬁed neuron in Aplysia by modulating the Ca2+
and K+ currents, Proc. Natl. Acad. Sci. U. S. A. 77 (1980) 629–633.
[38] M. Sheng, Y.J. Liao, Y.N. Jan, L.Y. Jan, Presynaptic A-current based on
heteromultimeric K+ channels detected in vivo, Nature 365 (1993) 72–75.
[39] T. Shimahara, B. Peretz, Soma potential of an interneurone controls transmitter
release in a monosynaptic pathway in Aplysia, Nature 273 (1978) 158–160.
[40] T. Shimahara, L. Tauc, Multiple interneuronal afferents to the giant cells in Aplysia, J.
Physiol. 247 (1975) 299–319.
[41] Y. Shu, A. Duque, Y. Yu, B. Haider, D.A. McCormick, Properties of action-potential
initiation in neocortical pyramidal cells: evidence from whole cell axon recordings,
J. Neurophysiol. 97 (2007) 746–760.
[42] Y. Shu, A. Hasenstaub, A. Duque, Y. Yu, D.A.McCormick,Modulation of intracortical syn-
aptic potentials by presynaptic somatic membrane potential, Nature 441 (2006)
761–765.
[43] Y. Shu, Y. Yu, J. Yang, D.A. McCormick, Selective control of cortical axonal spikes by a
slowly inactivating K+ current, Proc. Natl. Acad. Sci. U. S. A. 104 (2007) 11453–11458.
[44] J.F. Storm, Temporal integration by a slowly inactivating K+ current in hippocampal
neurons, Nature 336 (1988) 379–381.
[45] H. von Gersdorff, J.G. Borst, Short-term plasticity at the calyx of Held, Nat. Rev.
Neurosci. 3 (2002) 53–64.
[46] F.S. Werblin, J.E. Dowling, Organization of the retina of the mudpuppy, Necturus
maculosus. II. Intracellular recording, J. Neurophysiol. 32 (1969) 339–355.
[47] Y. Yu, C. Maureira, X. Liu, D. McCormick, P/Q and N channels control baseline and
spike-triggered calcium levels in neocortical axons and synaptic boutons, J.
Neurosci. 30 (2010) 11858–11869.
[48] J. Zhu,M. Jiang,M. Yang, H. Hou, Y. Shu,Membrane potential-dependentmodulation
of recurrent inhibition in rat neocortex, PLoS Biol. 9 (2011) e1001032.
[49] R.S. Zucker, W.G. Regehr, Short-term synaptic plasticity, Annu. Rev. Physiol. 64
(2002) 355–405.
